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I. INTRODUCTION
It is generally acknowledged that the propagation of charged particles in the turbulent magnetized plasma has the form of diffusion. This fact has many astrophysical applications, such as the problem of the cosmic rays (CRs) lifetime in the Galaxy, diffusive shock acceleration in supernova remnants, and the CRs propagation in molecular clouds. However, to calculate the coefficient D of the CRs spatial diffusion, many authors use approximate phenomenological models.
Depending on the energy particles can be divided into magnetized, whose Larmor radius r L is much smaller than the correlation length L 0 of the magnetic field, and non-magnetized. To a first approximation nonmagnetized particle moves along a straight line, which direction slowly changes. The diffusion coefficient for nonmagnetized particles was calculated analytically, see for example [1] , where magnetic field is assumed to be deltacorrelated in time. To describe the motion of magnetized particles is much more difficult. Magnetized particles are divided into two types: trapped, many times reflecting by magnetic mirrors, and untrapped. Now the most developed approach for calculation of diffusion coefficients for magnetized particles are the quasilinear theory (QLT), proposed by Jokipii [2] , and its generalizations. In the QLT it is assumed that the magnetic field is a sum of mean homogeneous field H and random fluctuations δB, and δB ≪ H. So the particle trajectory slightly deviates from trajectory in the mean magnetic field. It allows one to find the pitch angle diffusion coefficient and estimate the mean free path of a * Also at Moscow Institute of Physics and Technology, Institutskii per. 9, Dolgoprudnyi, Moscow region, 141700, Russia particle. However, this approach is correct only in case of small fluctuations, δB ≪ H. But in many astrophysical objects magnetic fluctuations are comparable with mean field or even exceed it, δB > H. So the problem of particle diffusion in magnetic field with large fluctuations is of great practical importance.
In recent years it have been made attempts to extend QLT to the case of large magnetic fluctuations. Several generalizations of the QLT have been proposed. In the paper [3] the second order quasilinear theory was developed. Similar to the QLT the value of a fluctuating magnetic field is considered to be weak. The particle trajectory is calculated up to the first order in δB. As a result expression for D is calculated to the second order in δB. Next, the results were extended to the case of large fluctuations δB > H without any changes. Whereas the expression for D in the standard QLT contains integral of the delta function over the wave numbers k, the second order QLT replaces it by an integral of the Gaussian with the relative width δB/(Hµ), where µ is cosine of the pitch angle. Clearly in the δB ≫ H limit one deals with the function of a large width. This transition from the delta-function to the function of a large width is at least unjustified.
Matthaeus et al. [4] proposed another generalization of the QLT, the Nonlinear Guiding Center theory (NLGC). This theory makes two key assumptions. First, the pair correlation function of particle velocities, v(t)v(t ′ ) , is supposed to be known and depends only on a time difference t−t ′ . Second, a strong assumption about the spatial distribution of particles is made, namely, the function e i k r(t) is written quite arbitrarily. This allows obtaining an integral equation for the diffusion coefficient D ⊥ transverse the mean magnetic field. It should be mentioned that NLGC, as well as many other generalizations of QLT, is based on the assumption that particles move along the magnetic field lines. Actually, the problem of random walk of magnetic field lines rather than the problem of particle diffusion is solved. However, in reality, only untrapped particles move along the field lines. Thus the motion of a particle is no more described by these theories, as the particle is trapped.
The main question studied in the aforementioned papers is the anisotropy D ⊥ /D of diffusion coefficients. The dependence of D on the particle energy is often assumed to be already known.
Dogiel et al. [5] calculated D by a different method. They assumed that on the scale less than the correlation length L 0 of the magnetic field a magnetized particle moves along a straight line. That gives the estimate of the diffusion coefficient D = v 0 L 0 . However, this assumption is rather rough. This approach also takes into account only untrapped particles, and possibly gives too high value for the diffusion coefficient.
In some astrophysical applications the Bohm diffusion approximation is used, see for example [6] . The Bohm diffusion [7] ,
, is the anomalous diffusion of particles transverse the mean magnetic field H, related to their scattering by a plasma turbulence. In this case the characteristic time of particle scattering τ is of the order of the cyclotron rotation period τ = 16/(3ω c ), rather than the time between classical collisions. Applying to the collisionless diffusion in a random magnetic field, the term Bohm diffusion means
An alternative way is to calculate particle diffusion in the magnetic field numerically [1, 8] . The magnetic field B(r) = H + δB(r) is realized on the discrete grid in space. Fluctuations δB(r) are generated as the sum of plane waves with random phases, polarizations and directions. They correspond to a fixed spectrum over wave vectors. The Kolmogorov spectrum is usually assumed. After that the equations of particle motion in this magnetic field are solved numerically. The results are averaged over a large number of particles and magnetic field realizations. Authors observe transition from the ballistic regime ∆r 2 ∝ v 2 t 2 to the diffusion regime ∆r 2 ∝ Dt at large times, and measure the diffusion coefficient. In [8] the diffusion coefficient for magnetized particles in the magnetic field with the Kolmogorov spectrum and the arbitrary ratio δB/H was calculated. The result of QLT was confirmed:
However in recent years numerical calculations of particle diffusion provide us new interesting facts. First, resolution increased due to growing computer power. In the recent paper [9] the following approximation to the numerical results was obtained
At zero mean field, H = 0, this expression gives the Bohm diffusion coefficient D ∝ r L . It should be noted that in the process of magnetic field generation the range of wave vectors, in which the sum is taken, usually does not exceed k max /k min = 256. This limits the range of variation of the ratio r L /L 0 by two orders of magnitude. The result D ∝ r L was confirmed in [10] . Second, in several articles magnetic field is calculated as a result of direct numerical MHD simulations, instead of generation as a given sum of waves. It started with the paper by Beresnyak et al. [11] . In [12] two turbulence models were used. In the model with compressible forcing, the results reproduce the QLT. In the model with solenoidal forcing, the results do not coincide with existing theories. Even the power index varies with the magnetic turbulence level. In [13] magnetic field is calculated as a solution of induction equation with prescribed velocity. Authors found that the presence of magnetic intermittency changes D significantly. Thus there is a question of the applicability of previous results with magnetic field, calculated as a sum of plain waves to real turbulence.
In any case, the analytical approach provides answers regardless of numerical schemes and parameters, and has a great importance for understanding the physics of diffusion process in a random magnetic field.
The outline of the article is as follows. In Sec. II we write out general equations and reproduce the result for diffusion of non-magnetized particles. In Sec. III we describe our model of the force-free magnetic field and calculate the diffusion coefficient for magnetized particles. In the last Sec. IV we apply our results to cosmic rays propagation in the Galaxy.
II. PARTICLE DIFFUSION
We consider a motion of a particle with charge q and velocity v 0 in a stationary magnetic field B(r). We introduce the notations: B 0 , such that B 2 0 = B 2 , and b = B/B 0 . We also introduce the cyclotron frequency of a particle in the magnetic field with magnitude B 0 , ω c = qB 0 /mcγ, where γ = (1 − v 2 0 /c 2 ) −1/2 . The random magnetic field B(r) has zero mean value, B = 0, so its pair correlation function is isotropic
It is a smooth function, decreasing at large distances r. The structure of the correlation function Φ ij (r) was investigated in papers dealing with the problem of the magnetic dynamo in a turbulent conducting medium [14] , as well as in turbulent weakly ionized gas, from which molecular clouds consist of [15] . In the present paper we choose it in the form
and
Here L 0 is the correlation length of the magnetic field, B LS is the magnitude of large-scale magnetic field, β is the spectral index. For the Kolmogorov spectrum β = 1/3. The particle motion is described by the equations
Here e ikl is the unit antisymmetric tensor. We assume that the particle motion has diffusive character at large times, i.e. r 2 (t) = 2Dt, where brackets ... denote averaging over random magnetic field realizations. Consequently,
Note that we deal with correlation functions at coincident moments of time.
Large Larmor radius
In this subsection we consider non-magnetized particles, i.e. particles with large Larmor radius r L > L 0 . In this case it is known that the diffusion coefficient is proportional to the Larmor radius squared, D ∝ r 2 L , see for example [1] . We briefly explain this result.
When a particle with a Larmor radius much greater than L 0 passes through one region with the size ≃ L 0 , it slightly deviates from the straight line at a small angle δφ. When the particle travels a large path s ≫ L 0 , its motion becomes diffusive. We define τ the time it takes a particle to deviate at an angle of about φ ≃ π. Thus, 2D φ τ = π 2 , where D φ is the angular diffusion coefficient,
And we have for the spatial diffusion coefficient
We define the deviation angle as (δφ)
To find the angular diffusion coefficient we use the equations of particle motion (3). We write
We assume that the particle velocity slightly deviates from the initial velocity, v i ≈ v 0i , and use the relation
As a result we get
Using the magnetic pair correlation function (2) we have
where r L is a Larmor radius in large-scale magnetic field, r L = v 0 /ω c for B 0 = B LS . Now the spatial diffusion coefficient is calculated from (5). Thus, if the random magnetic field is a superposition of regions with the same correlation length L 0 and the same magnitude of largescale magnetic field B LS , we have for the particle with
III. FORCE-FREE FIELD
A. Particle motion
It is known that the electric current in a plasma is created by electrons. Then, in the absence of an electric field, the Ampere force acting on the electrons must be zero due to the low mass of the electrons, j × B = 0. In this case the magnetic field is force-free, curl B = αB. Due to ∇ curl B = 0, we have
so value of α(r) is constant along the magnetic field line, and the magnetic field is orthogonal to the vector ∇α. We choose the z axis along the direction ∇α, then B z = 0. Magnetic field lies in the plane (x, y), which is orthogonal to the axis z and have components B x , B y . From the equation curl B = αB we obtain relations ∂B x /∂z = αB y and ∂B y /∂z = −αB x . It follows that B 
This configuration is reproduced when z increased by z ⋆ , such that
. Therefore, it is sufficient to consider the motion of charged particles in the region 0 < z < z ⋆ only. Such a small region we call a magnetic cell in the following. In one cell the magnetic field lies in the (x, y) plane, but its direction changes with z. We assume that the magnetic field in the whole system is a superposition of individual magnetic cells. But different cells have different sizes z * (so different values of α), various directions of ∇α and different values of the magnetic field magnitude B 0 . First we determine the motion of the charged particle in one magnetic cell. In the next subsection we will average over cells with various parameters and orientations.
The advantage of this approach is that one cell is a trap for charged particles in the z-direction. In order to show this we assume that on the interval (0, z ⋆ ) the function α(z) does not change strongly ∆α/α < 1/π. Then, introducing the mean valueᾱ = 2π/z ⋆ , we replace z α(z ′ )dz ′ byᾱz. Since we will produce averaging over αz, we omit the bar symbol above α in what follows.
The function of α(r) can depend on the transverse coordinates (x, y) also. We define r ⊥ = x 2 + y 2 and choose the origin x = y = 0 at the point where
2 ] near the origin. Here l ⊥ is the characteristic scale of variation of α in the transverse direction. Substituting this expression into equations curlB = αB and ∇B = 0, we obtain formulas for B z and δB ⊥ :
We see that the longitudinal magnetic field grows as
⊥ . It prevents particles from moving in the transverse direction far from r ⊥ = 0, so
Thus, we obtain the following estimate for the longitudinal magnetic field in one cell,
Here we express l ⊥ through ∇ ⊥ α. If the transverse gradient of the longitudinal scale is not very large,
then the longitudinal magnetic field B z is less than transverse one B 0 . Actually, for magnetized particles, the right-hand side of the last inequality is greater than unity. Thus, for not very large gradients of α, one can assume that B z = 0. In the following we consider the particle motion in the magnetic field
We substitute the magnetic field (12) in the equations of motion (3) and we have
The first two equations can be easily integrated
So the system is reduced to one equation for z(t),
where we introduce the notations C = (C 2
we reduce (7) to the equation of the mathematical pendulum
Integrating this equation we obtain the energy conservation law
We define the new notation κ 2 = 2Cω c /(αW + Cω c ) and we obtain
In this expression sign(v z ) = 1 at v z > 0 and sign(v z ) = −1 at v z < 0. We see that charged particles in a forcefree field are divided into two classes: trapped in the z-direction (particles with κ > 1) and untrapped in the z-direction (particles with κ < 1). The trapped particles oscillate between points ψ = ±2 arcsin(1/κ). The characteristic amplitude of velocity oscillations in the zdirection is δv z ≃ 2(ω c |v |/α) 1/2 . Here v is the velocity of the particle in the plane (x, y), where the magnetic field lines lie. The characteristic amplitude of longitudinal velocity oscillations is δv ≃ ω c /α. In the strong magnetic field, ω c > αv 0 , fluctuations of velocity component v z of trapped particles are small, δv z < ω c /α. It means that the Larmor radius δv z /ω c < 1/α is less than the characteristic scale of the magnetic field inhomogeneity 1/α. Therefore, if the magnetic field is large enough trapped particles undergo ordinary cyclotron rotation.
In an inhomogeneous magnetic field not all particles undergo a finite motion, some of them have a nonzero mean velocity in z-direction. The period of particle motion is not equal to the period of the cyclotron rotation, 2π/ω c , though the magnetic field magnitude B 0 is constant. For example for particles on the separatrix κ = 1, the period is infinite. So the inhomogeneity of the magnetic field affects the particle motion.
To calculate the diffusion coefficient according to (4) we need to find a product r i v i = xv x + yv y + zv z , and average it over large number of particles, i.e. over the initial conditions r(t 0 ), v(t 0 ). We assume that different initial conditions are equally probable. Here and below bar means averaging over initial conditions of the particle. It is different from and independent of the averaging . . . over the random magnetic field realizations, which we will carry out in the next subsection. We write
These expressions contain initial coordinate x 0 and initial velocity v x0 of the particle. Because the x 0 = 0, the first term does not contribute to the expression for r i v i . However, as we will see below, the time for particle to travel a certain distance z correlates with its initial position, so the second term must be taken into account. We have
After calculating the integral, the right-hand side should be averaged over the initial velocities of the particle. In the first term, we express the final time t as
where ψ ′ = αz(t ′ ) − θ 0 . In the second and the last terms we also pass to integration over ψ ′ . We introduce new notations
so a is the ratio of the particle Larmor radius v 0 /ω c to the characteristic scale of the magnetic field inhomogeneity 1/α. As a result, we get
One can take the integrals in elliptic functions 1 2
The force-free magnetic field configuration (12) is periodic with respect to coordinate z with the period 2π/α. We assume that a random force-free magnetic field is a random superposition of such magnetic cells with a size 2π/α, a random orientation and a random value of α. Therefore, if the particle passes through one cell we have ψ − ψ 0 = 2π · sign(v z ). Substituting these limits into the previous integrals, and taking into account that
where K(κ) and E(κ) are complete elliptic integrals of the first and second kind respectively, we obtain
We note that sign(v z ) does not enter in the answer explicitly, because for v z < 0 we change the integration limits. Expression (17) is valid for untrapped particles, κ 2 < 1. For trapped particles, κ 2 > 1, we should analytically continue the expression (17) into the region κ 2 > 1. The analytical continuation corresponds to integration over ψ between turning points sin(ψ/2) = ±1/κ. We recall that particles are trapped only in the z direction, but freely move in directions x and y. As a result, we get
where
To calculate zv z , we consider trapped particles. Since the particle velocity at the turning points is zero, we have zv z = 0. Alternatively, for the pendulum we have We should analytically continue this result onto untrapped particles, and finally we obtain for arbitrary κ
where we introduce
(21) To proceed, we perform the averaging over the direction of initial velocity. We consider that the velocity magnitude is constant, |v| = v 0 . Suppose that at the initial moment t 0 the coordinate z(t 0 ) = z 0 and the particle velocity is
We introduce the notationz 0 = αz 0 − δ, and express the values u, ψ 0 , κ through ϕ, δ andz 0 ,
.
We also see that F (a) does not depend on α except through a. We average F (a) over ϕ, δ with uniform distribution of initial velocities on the sphere and over z 0 with a uniform distribution on the interval 0 < z 0 < 2π/α,
Since the parameters u, ψ 0 , κ depend only on cosz 0 and do not depend on z 0 and δ separately, and the function cosz 0 is periodic, we take the integral over δ and get We calculate this integral numerically, the results are presented in Figures 1, 2 . We mention that in the limit a → 0 the integral (22) can be calculated analytically.
We have
From Figure 1 we see that the asymptotics (23) gives a good approximation for the function F (a) for a < 1.
For large values of a, a > 3, the function F (a) can be approximated by power law
with high accuracy, see Figure 2 .
B. Averaging over the spectrum
After averaging over the direction of initial velocity we have the expression for the diffusion coefficient which depends only on the parameters α and B 0 of the magnetic field:
where, we remind, ω c = qB 0 /mcγ, a = αv 0 /ω c . Next we average D over the realizations of the random magnetic field, i.e. over the spectrum of magnetic fluctuations B 0 (r). The spectrum must be consistent with the pair correlation function (2), so we choose it to be a power law
Actually expression (25) describes the root mean square of magnetic field fluctuations of scale r. Here B LS is the magnitude of large-scale magnetic field and L 0 is the correlation length. For the Kolmogorov spectrum β = 1/3. To average D over the spectrum we use the following model. We suppose that the scale r of magnetic field variation is equal to the size of the magnetic cell, so we choose α = 2π/r and have a consistent formula
Here and below, the angle brackets ... mean averaging over the spectrum. We introduce the notations
for the cyclotron frequency ω 0 and the Larmor radius r L in the large-scale magnetic field B LS . We also introduce the parameter
Then, the averaging over the spectrum is given by
For the choosen spectrum (25)
−β−1 , and we have
Changing the variable in the integral we finally obtain
where the index is ξ = 2/(β + 1). For the fixed value of β the result depends only on the parameter A. Using the asymptotics (23) we treat this integral analitically for A ≪ 1 and get We also calculated the integral (28) numerically for different values of β, using the previously calculated function F (a). The result is shown in Figure 3 . We see that the average diffusion coefficient weakly depends on β. So we consider only the Kolmogorov spectrum β = 1/3 in what follows. From Figure 4 one can see that D ∝ A for A < 1. This is consistent with the analytical result (29) and gives the Bohm diffusion coefficient, Figure 3 shows a slow growth of D(A) . But as was shown in previous section, the diffusion coefficient for particles with r L > L 0 increases proportionally to the square of the Larmor radius, i.e. D ∝ A 2 . The reason for the discrepancy is the following. For correct description of diffusion of particles with r L > L 0 , it is necessary to consider the particle motion on the scale much larger than L 0 , which contradicts the expression (25). Hence the results calculated from (28) are applicable only for particles with r L < L 0 .
Adopting for the case A > 1 the result (10), we approximately represent the diffusion coefficient for the Kolmogorov spectrum β = 1/3 as
We note that two cases practically coincide at the point A = 1. One can rewrite this formula in terms of r L :
We see that diffusion of particles is primarily determined by their motion in a large-scale magnetic field and weakly depends on the spectrum of magnetic fluctuations. The index β of the spectrum (25) enters only in the common factor in the function D(r L ) . Since the Larmor radius of the particle is proportional to its rigidity R, r L = R/B LS , then for small rigidities the diffusion coefficient is proportional to the rigidity (energy), D ∝ R, and for large rigidities it proportional to the square of the rigidity, D ∝ R 2 . The result (31) has a simple physical interpretation. The diffusion coefficient of particles is determined by their motion in a large-scale field (its amplitude is maximal for the spectral index β > 0) and it is the increasing function of the Larmor radius.
IV. DIFFUSION OF COSMIC RAYS IN THE GALAXY
The structure of the magnetic field in the Galaxy is much more complicated than represented in the equation (25). First of all there is nonzero mean magnetic field B = 0 in some parts of the Galaxy. It's likely essential in the spiral arms. However, the observed high isotropy of cosmic rays [16] indicates that regions with strong mean magnetic field do not have significant impact on the cosmic rays propagation in the whole Galaxy. Below we discuss the motion of charged particles in a purely random magnetic field. We also consider the magnetic field to be force-free. This assumptrion does not greatly limit the application of our analytical results for the cosmic rays diffusion in the Galaxy.
The Galaxy consists of a large number of regions, and magnetic fields in different regions are not correlated. We assume that inside each region the turbulent magnetic field has the Kolmogorov spectrum (25) with β = 1/3, but the parameters B LS and L 0 are different in different regions. It is known that the large-scale magnetic field varies in a wide range, 10 −6 G ≤ B LS ≤ 10 −4 G. Besides the region size L 0 also varies in a wide range, from ∼ 10 12 cm to the size ∼ 100 pc of large molecular clouds or clouds of ionized gas. Therefore it is necessary to average particle motion over different regions having different values of the correlation length L 0 and magnitudes of large-scale field B LS . Let the value of L 0 varies from zero to the maximum scale L m . We denote by f (L 0 ) the distribution function of sizes L 0 of the magnetic field regions,
where dN is the number of regions with size L 0 . Suppose that f (L 0 ) is a decreasing power function (it is normalized to unity),
For σ ≪ 1 we have a practically flat spectrum: the number of objects in the range 0
. It is naturally to extend the dependence (25) on large scales when choosing a distribution of magnetic field amplitudes
Here L m is the maximum scale, B m is the maximum amplitude of the magnetic field. In regions with different amplitudes of the magnetic field the particle has a different Larmor radius. The distribution over the Larmor radii corresponds to the distribution over the magnetic field,
where r m is the Larmor radius of the particle in the field B m , r m = v 0 mcγ/qB m . We introduce the magnetization parameter of the particle in the magnetic field B m ,
We will focus on particles with ρ < 1, i.e. magnetized in the maximum magnetic field. The average diffusion coefficient is a sum D = D 1 + D 2 , where D 1 and D 2 are the diffusion coefficients averaged over regions where the particle is non-magnetized and magnetized correspondingly. Indeed, D ≃ v 0 λ, so when the particle moves through different regions with different average mean free paths λ 1 and λ 2 , the total mean free path is equal to their sum, λ = λ 1 + λ 1 , and similarly for the diffusion coefficients. The particle is magnetized in some region if r L < L 0 /2π. This condition is fulfilled in regions with size L 0 > L cr , where
If L 0 < L cr particles are non-magnetized, and the diffusion coefficient is determined by the angular diffusion
where we must substitute the value of D φ averaged over different scales L 0
If L 0 > L cr particles are magnetized, and
Using the dependence r L (L 0 ) we calculate
Thus, the average diffusion coefficient for particles with ρ < 1 is
For small values of the index σ the second term is negligible, so the diffusion coefficient depends on the magnetic rigidity as D ∝ R
(1−σ)/(1+β) . Since we consider σ > 0, the index (1 − σ)/(1 + β) < 3/4 for β = 1/3. So, for the Kolmogorov spectrum β = 1/3 and σ = 1/15 the value of the index is 0.7, which corresponds to observations [16] .
The function D(ρ) (39) for β = 1/3, σ = 1/15 is plotted in the figure 5. One can see that it hardly differs from the law D ∝ r 28 cm 2 /s, which is in agreement with observations [16] .
As for particles with large Larmor radius, r m > L m /(2π), the diffusion coefficient for them is proportional to the square of the magnetic rigidity (which is proportional to its energy)
However, for L m ≃ 100 pc and B m ≃ 10 −4 G condition r m > L m /(2π) corresponds to protons with energies E > 10 16 eV. Particles with such energies are poorly trapped in the Galaxy disk and fill the halo.
V. DISCUSSION
We have considered the motion of charged particles in a random force-free magnetic field, curlB = αB. Such random field can be represented as a superposition of the different magnetic cells. In each cell magnitude of the magnetic field is constant. The direction of the magnetic field is parallel to one plane, but the direction changes with the coordinate perpendicular to this plane. The characteristic scale of field variation is l = 2π/α. The character of the particle motion in arbitrary magnetic field is known only in two cases: 1) when r L ≪ l and 2) when r L ≫ l. In the first case the particle motion consists of motion along the magnetic field, cyclotron rotation and drift in the transverse direction (gradient drift and curvature drift). In the opposite limit the particle moves almost in a straight line and slightly deviates in the direction perpendicular to the magnetic field. In our model of the force-free magnetic field the particle motion in one magnetic cell can be exactly described even in the case when the Larmor radius r L is of the order of l. In this case particle performs nonlinear oscillations in the direction perpendicular to the plane in which a magnetic field line lies. Some particles (trapped particles) perform the finite motion transforming to the cyclotron rotation for κ ≫ 1. The period of their motion is equal to the period of the cyclotron rotation 2π/ω c only in the limit r L ≪ l. The period of motion increases as the ratio r L /l approaches unity. On the separatrix, κ = 1, (see the equation (16)) the period is infinite. Further, for κ < 1 the particle freely moves in the direction of the field gradient (untrapped particles). Thus, we continuously trace a transition from magnetized to free motion.
We found the contribution of the motion of particles in a single magnetic cell in their diffusion coefficient D by averaging D over the initial coordinates and velocities of particles. We consider initial velocities to be equally probable. The answer depends only on the dimensionless parameter a = αv 0 /ω c , which is the ratio of the cyclotron radius to the length l of the field inhomogeneity.
Next, we average the diffusion coefficient over the spectrum of the magnetic field, assuming it to have a power form (25). It turns out, that the diffusion of particles is mainly determined by the Larmor radius r L of particle rotation in the large-scale field and its maximum scale L 0 . The spectral index β enters only in the factor before the diffusion coefficient. We find that diffusion coefficient is proportional to the Larmor radius of the particle, r L , for r L < L 0 /2π for all reasonable spectral indices β, and decreases with the Larmor radius for r L > L 0 /2π. However, for particles with a large Larmor radius r L > L 0 /2π this approach does not take into account that particle motion acquires diffusion character only when particle travels a long path s ≫ L 0 . For such particles the diffusion coefficient can be calculated in the framework of another approach. Mean free path is determined by the angular diffusion coefficient D φ (9) , and the spatial diffusion coefficient is proportional to r 2 L . Thus, if a random magnetic field is a superposition of regions with the same size L 0 and the same value of large-scale magnetic field B LS , the diffusion coefficient of particles is presented by the formula (31). It is linear, then quadratic dependence on Larmor radius in the large scale field.
We also discuss the motion of cosmic rays in the Galaxy, where the parameters B LS and L 0 of different regions vary in the wide ranges. Therefore we must average the motion of a particle over different regions. We assume that the large-scale field distribution has the same spectral index as the small-scale field (25). We suppose that the distribution function over scales also has a power law form, f (L 0 ) ∝ L −1+σ 0 , σ < 1. After averaging we found that the diffusion coefficient depends on the particle Larmor radius as D ∝ r (1−σ)/(1+β) L . For β = 1/3 (Kolmogorov spectrum) and σ = 1/15 (the distribution over scales is practically flat, also called the HarrisonZel'dovich spectrum [17, 18] we obtain the spectral index D ∝ r 0.7 L , which consistent with observations of cosmic rays diffusion in the Galaxy.
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